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Quantum bits (qubits) are the basic building blocks of any quantum computer. and Q M (~1400) at 2.5 K, which suggests that rare-earth qubits may, in principle, be suitable for scalable quantum information processing at 4 He temperatures.
Superconducting qubits have been created with a 'top-down' approach that integrates superconducting devices into macroscopic electrical circuits [1-3], whereas electron-
In general, a spin qubit state is a linear superposition of the two spin states of an electron↑ > and ↓>. This means that the qubit can be represented as ψ s > = α↑> + β↓>, where α and β are probability amplitudes, and |α| 2 + | β | 2 =1 . When measuring this qubit, the probability of outcome↑> (or↓>) is |α| 2 (or β | 2 ). In rare-earth (RE) systems the total spin, S, is no longer a good quantum number because the spin-orbit coupling between S and the total orbital angular momentum, L, is larger than the coupling of L with the electric field gradient of environmental ionic charges (crystal-field). The good quantum number is the total angular momentum, J=L+S, which is coupled with the crystal-field through L. The RE qubit states are therefore crystal-field states. In addition, RE often show isotopes with a nuclear spin, I, which has large interactions with J (hyperfine interactions) leading to electro-nuclear crystal-field states with wave functions Ψ en > (see the crystal-field background section). Qubits based on these electro-nuclear states differ from typical spin qubits in several ways: (i) the crystal-field strongly affects the Rabi frequencies that depend on the direction and the strength of applied magnetic fields and electric field gradients, and this could open up new possibilities for scaling; (ii) the hyperfine interactions produce up to 3(2I+1)-2 qubits per RE, all with slightly different resonance frequencies, which means that it should be quite easy to selectively address them with superimposed (low) field pulses; (iii) due to their large magnetic moment (~10µ B ), it should be simple to manipulate RE qubits; (iv) the single qubit figure of merit, Q M , should be large enough to allow quantum computer processing at 4 He temperatures (Q M is the number of coherent single-qubit operations, defined as Ω R τ 2 /π, where Ω R is the Rabi frequency: equivalently, it is the coherence time divided by half the Rabi period).
This work is an extension of a previous research that explored the quantum tunnelling of the magnetization in Mn 12 -ac and Ho:YLiF 4 [12] [13] [14] . Due to the strong hyperfine interactions in the latter system, J tunnels simultaneously with I (electro-nuclear tunneling). The system chosen to illustrate the concept of RE qubits consists in Er 3+ ions (J = 15/2 and g J = 6/5) diluted in a single crystalline matrix of CaWO 4, which is isomorphic with YLiF 4. The main reason for replacing YLiF 4 with CaWO 4 is to reduce the proportion of nuclear spins, which are an important source of decoherence [15] (the phenomenon by which a quantum system seems to be classical as a result of interactions with its environment ).
Continuous wave electron paramagnetic resonance (CW-EPR) measurements were first ). Exact diagonalization of (1) (see background section), permits accurate calculation of these frequencies (using the crystal-field and hyperfine constants only [30, 32] frequency Ω R at a given magnetic field (white < 80, blue = 80, red> 800 arbitrary units).
An example of the measured Rabi oscillations [16] is given in Fig. 2 , for I=0, where the z component of the magnetization, M z , is plotted vs time. It is possible to fit the data to Recently, a model relying on the assumption that each spin experiences a stochastic field of mean-square amplitude β, oscillating at the resonance frequency ω, led to an expression,
very similar to (2) [19] . This linear dependence on Ω R was tested on pure S=1/2 spins in amorphous-SiO 2 containing E' centres where a concentration effect has also been obtained [20] .
In the frame of the present study, the origin of the stochastic field should be related to both crystal-field distribution and dipolar interactions [21] . In order to check (2) and (3) more carefully, 1/τ R vs Ω R is plotted for two different directions of the microwave field h (Fig. 3, inset; see also Finally, RE qubits have large Q M at 4 He temperatures and in principle they should be scalable. Indeed τ 2 increases with dilution and cooling (Fig.2b) ; an extrapolation down to 1.5 K for a concentration of 10 -6 atomic Er:CaWO 4 gives Q M ~10 4 which is enough for quantum information processing. Moreover, RE qubits could in principle be selectively addressed and their couplings manipulated, according to variants of existing proposals and realizations (10, 11, (4) (5) (6) . As a matter of fact, they could be inserted in all kinds of matrices structured by lithography, including films, quantum dots or nanowires of semi-conducting Si [22] or GaN [23] , and coupled by controlled carrier injection through gate voltage [24] . They could be addressed selectively by application of: (i) local field pulses of amplitude < 25 mT adding algebraically to the static field (this is limited to n ≤ 3(2I+1)-2 qubits, Fig. 1); (ii) continuous electric field gradients for n>3(2I+1)-2. A gradient of 10 mV/(nm) 2 is enough to modify the crystal-field parameters by ~10% in most matrices and therefore the resonance frequency. Interestingly, the 3(2I+1)-2 Rabi oscillations of each 167 Er (Fig. 1 ) may also be used to implement Grover's algorithm [25] on single RE ions (this is a general property of electro-nuclear RE qubits with I≠0). Spin-state detection could follow schemes like those in [4, 6] but alternative ways using fast photo-luminescent properties of RE [22, 23, 26] might ultimately be better. Finally, instead of dots one might also use single molecules containing a RE ion [27] .
In conclusion, Rabi oscillations of the angular moment J=15/2 of Er:CaWO 4 
The O l m are the Stevens' equivalent operators with the reduced matrix elements α J , β J , γ J [29] , and the B l m are the crystal-field parameters determined by high resolution optical spectroscopy Exact diagonalization of the 16x16 matrix of (1) 
